Transmitters such as glutamate and ATP are released from brain astrocytes. Several pathways for their release have been proposed, including exocytosis. In the present study we sought to measure exocytosis from astrocytes with single vesicle imaging methods using synaptopHlourin (SpH) as an optical reporter. We imaged single SpH-laden vesicles with total internal reflection fluorescence (TIRF) microscopy. We observed spontaneous, as well as evoked, single-vesicle exocytosis events. Analysis of the kinetics and spatial spread associated with these events indicated two discernible forms of single vesicle exocytosis. One form, constituting Ϸ40% of the spontaneous events, was akin to kiss-and-run vesicle fusion and captured a mobile proton buffer from the extracellular medium. The other form seems to represent full vesicle fusion, constitutes Ϸ60% of the spontaneous events, and is associated with complete mixing of the vesicle and plasma membranes. Activation of calcium-mobilizing receptors on the astrocyte surface selected between the different forms of exocytosis. These data provide evidence for two forms of simultaneously occurring singlevesicle exocytosis events in astrocytes, and also suggest that SpH imaging and TIRF microscopy is useful to study the mechanisms of astrocyte transmitter release.
I
ncreasing evidence suggests that specialized glial cells, called astrocytes, participate in brain function (1, 2) . Unlike neurons, astrocytes do not fire action potentials but manifest excitability in the form of intracellular Ca 2ϩ concentration increases (3) ( [Ca 2ϩ ] i ), which have been quite extensively studied in vitro (1, 2, 4, 5) . Recent experiments with two-photon calcium imaging from the cortex show that astrocyte [Ca 2ϩ ] i oscillations also occur in vivo and that they are regulated by alterations in neuronal activity (6) . Astrocytes within the barrel cortex of rats showed [Ca 2ϩ ] i transients upon whisker stimulation in vivo, proving that astrocytes are activated during sensory physiological stimuli (7) . Astrocyte [Ca 2ϩ ] i transients are known to be triggered by neuronal activity (8) and are known to occur independently of neuronal activity because of intracellular Ca 2ϩ release (9, 10) . [Ca 2ϩ ] i increases, between a few nanomolar (11) and tens of micromolar (12) triggered by flash photolysis of caged Ca 2ϩ or pharmacological means (13) , trigger release of transmitters from astrocytes into the extracellular space, which may then activate receptors on other nearby cells, including neurons. For instance, recent experiments suggest that [Ca 2ϩ ] i increases within single astrocytes can release glutamate, which activates extrasynaptic NMDA receptors on neurons (14, 15) , leading to synchrony (14) . In addition in the olfactory bulb, astrocytes release GABA to cause inhibition of mitral cells (15) . Moreover, paroxysmal depolarizing shifts in neuronal membrane potential that accompany models of epilepsy may be triggered by release of glutamate from astrocytes (16) . Additionally, astrocyte-derived transmitters such as ATP and adenosine affect synaptic plasticity in the hippocampus (17) .
SynaptopHlourin (SpH) is a fusion protein between VAMP2 and a pH-sensitive GFP mutant (18) . It is incorporated into vesicles, such that the GFP is quenched in the vesicle lumen, which has an acidic pH. Exocytosis increases the quantum yield of SpH, as deprotonation of the fluorophore occurs (18) (19) (20) . We used SpH to determine whether we could image astrocyte exocytosis at the single-vesicle level. Our data suggest that SpH imaging can be used to record exocytosis from astrocytes with single-vesicle resolution. Additionally, the analysis revealed that astrocyte exocytosis was of two forms, and receptor agonists that elevate calcium within astrocytes differed in their capacity to trigger different forms of exocytosis.
Results and Discussion
Initial Observations. Astrocytes contain vesicles that are between 30 and 300 nm in size (13, 21) , and possess the vesicular machinery needed to package and release glutamate (13, (22) (23) (24) (25) (26) (27) (28) (29) (30) . We transfected astrocytes with plasmids encoding SpH (18) , in the expectation that SpH would become incorporated within astrocyte vesicles. Consistent with this expectation we observed vesicle like structures 1-2 days after transfection. Of these structures, 86 Ϯ 4% colocalized with vGlut1, suggesting that most of the SpH laden vesicles were glutamatergic [supporting information (SI) Fig. 6D ; n ϭ 7]. We next imaged SpH expressing astrocytes with total internal ref lection f luorescence (TIRF) microscopy. The area of the astrocytes closest to glass (the ''footprint'') (31) was weakly f luorescent (SI Fig.  7A ). We applied 25 mM NH 4 Cl to alkalanize intracellular compartments within astrocytes, and recorded a dramatic increase in the number of f luorescent vesicles (SI Fig. 7A ), likely because intravesicular SpH was unquenched (20) . Application of extracellular buffers at pH 5.5 resulted in reversible quenching of the diffuse footprint f luorescence (SI Fig.  7 A) , suggesting a pool of plasma membrane SpH. We determined the pK a of this surface SpH fraction to be 7.4 Ϯ 0.02 (SI Fig. 7 B and C; n ϭ 6), close to that previously reported (20) .
Imaging Astrocyte Exocytosis with spH. Using TIRF microscopy we recorded spontaneous increases in fluorescence intensity at discrete regions of interest (ROI; Fig. 1 ), herein called ''SpH events.'' On average, there were 0.26 Ϯ 0.13 events per min/1,000 m 2 of astrocyte footprint (n ϭ 27), equating to 1-2 events per min in whole astrocytes. Consistent with the hypothesis that the SpH events represent exocytosis, the Ca 2ϩ ionophore ionomycin (10 M) increased their frequency to 52 Ϯ 14 per min/1,000 m 2 , or Ϸ200-400 per astrocyte/min, and increased the intensity of the footprint by 93 Ϯ 7% (n ϭ 4) presumably as SpH diffused into the plasma membrane. To further test whether SpH events represented exocytosis we next compared their numbers from control astrocytes to those from cells transfected with plasmids encoding the light chain of botulinum toxin E. This neurotoxin specifically cleaves proteins associated with synaptic vesicle exocytosis (32) . We used plasmids (32) rather than the toxin itself (33) because astrocytes do not readily take up botulinum toxin from the extracellular buffer. In control astrocytes we recorded the expected number of SpH events (0.18 Ϯ 0.09 min/1,000 m 2 of footprint area; n ϭ 7; see above section), but in astrocytes transfected with plasmids encoding botulinum toxin E we measured no SpH events (n ϭ 9), although we could still observe mobile quenched SpH laden vesicles within astrocytes at high camera gain.
Two Forms of Astrocyte Single-vesicle Exocytosis: Fast-Confined and Slow Spreading SpH Events. Visual examination of the spontaneous SpH events suggested heterogeneity (Fig. 1) ; we briefly describe these differences now and then present the quantification (Figs. 2-4) . We observed events that appeared rapidly as a point into a central ROI (within 1 frame), and were followed by no increase of fluorescence intensity in surrounding annuli (Figs. 1 A and 2 A and B). For these events the intensity decayed in Ϸ1.5 s, and we call these fast-confined SpH events. In contrast other events also appeared rapidly, but were followed by a delayed increase in the fluorescence into a surrounding annulus (Figs. 1B and 2 A and C), and the event intensity decayed more slowly in Ϸ5 s. We call these slow-spreading SpH events.
We selected all events post hoc, as regions showing an abrupt increase in fluorescence intensity. We plotted the intensity profile of regions of interest over time, starting with a central ROI, and expanding into annuli of increasing size (Fig. 2 A) . In Fig. 2B , we present two examples of fast-confined SpH events, where the fluorescence did not spread into any annulus. In Fig.  2C , we present two examples of slow-spreading events where fluorescence did spread into annuli, progressively further from the central ROI with a time delay of 2.0 Ϯ 0.2 s (n ϭ 27) for the 4th annulus (SI Table 1 ). We measured three parameters for the SpH events: the peak change in fluorescence (⌬F/F) for central ROIs, the peak changes in fluorescence for the 4th annuli and the half widths (in seconds; Figs. 2 A and 3A and SI Table 1 ). For central ROIs the histogram of peak ⌬F/F for all events was unimodal ( Fig. 3B and SI Table 1 ), indicating that the vesicles underlying fast-confined and slowspreading SpH events carry equal amounts of synaptopHlourin, as expected if the vesicles were of similar size. However, the histogram of ⌬F/F for the 4th annulus was bimodal: there was one peak near Ϸ0, and one peak near Ϸ0.13 ( Fig. 3C and SI Table 1 ), indicating that only in some cases did SpH spread significantly away from the site of release and into the 4th annulus. We next examined the half width histogram of the events, and found it too was bimodal ( Fig.  3D ). These data provide evidence for the existence of distinct events (Figs. 1-4). The events differed in their kinetics (Figs. 2 and 3D and SI Table 1 ) and in the extent to which fluorescence spreads into the 4th annulus (Figs. 2 and 3C and SI Table 1 ). The events with brief half widths at Ϸ1.5 s were the fast-confined SpH events, which did not spread significantly into the 4th annulus (SI Table 1 ; Fig. 3C ). Whereas the events with half widths at Ϸ5 s were the slowspreading events, that did spread into the 4th annulus (SI Table 1 ; Fig. 3C ).
The finding that the event peak ⌬F/F histogram for central ROIs was unimodal (Fig. 3B) suggests that the vesicles carry equal amounts of SpH, which would be expected if they were of equal size. To further explore this possibility we examined the ⌬F/F of fast confined and slow-spreading SpH events separately: they were similar at 0.29 Ϯ 0.03 (n ϭ 37) and 0.30 Ϯ 0.02 (n ϭ 27), respectively. In both cases the change in fluorescence returned to baseline levels (Ͼ95% recovery) at the end of the analyzed period (Fig. 2) .
The X-Y dimensions of the vesicles (measured as full-width half maxima; FWHM) were that of the point-spread-function (PSF) of the microscope at Ϸ500 nm. Based on electron microscopy astrocytes are known to possess vesicles that are Ϸ30 and Ϸ300 nm in diameter. Might the SpH laden vesicles in our experiments be 30 nm or 300 nm? This is a non trivial issue to address with light microscopy, because both vesicle sizes are below the resolution limit of our microscope, but to make inroads we exploited the fact that TIR illumination results in an evanescent wave with a penetration depth of Ϸ100 nm (31) . During TIR objects smaller than 100 nm in diameter (e.g., a 43-nm bead and a 30-nm vesicle) are optimally excited, whereas objects larger (e.g., a larger bead or a 300 nm vesicle) are only partially excited. However, TIR is compromised if one adjusts the laser beam position (SI Fig. 8 A and B) . In this case, oblique illumination occurs, resulting in a greater penetration depth approaching that of epifluorescence illumination. In this scenario, both the small (43 nm bead and 30 nm vesicle) and large objects (larger bead or 300 nm vesicle) are maximally excited. These considerations indicate that objects larger than the TIR penetration depth (Ϸ100 nm) will increase in intensity upon switching to oblique illumination. Indeed, exactly this increase was observed for a 4000 nm bead and whole astrocyte footprints (3-to 4-fold increase in intensity; SI Fig. 8 C and D) . In contrast objects smaller than the penetration depth are expected to decrease in intensity, because with oblique illumination they blur into the enhanced background fluorescence. Exactly this decrease was observed for 43-nm beads, and for the synaptopHlourin-laden vesicles (decreasing to half their intensity; SI Fig. 8 C and D) . Thus the behaviors of the SpH laden vesicles (and 43 nm beads as controls) during TIR and oblique illumination suggest a size less Յ100 nm, which is consistent with the co localization with vGlut1 (SI Fig. 6 ). Our data do not rule out the possibility that astrocytes also express vesicles that are Ϸ300 nm in diameter (21) . However, the data are most consistent with the view that the SpH laden vesicles we have imaged represent Ϸ30-50 nm glutamatergic vesicles.
Differences Between Slow-Spreading and Fast-Confined SpH Events.
For the slow-spreading SpH events there was a delay in the fluorescence intensity increase for an annulus of 2.0 Ϯ 0.2 s (n ϭ 27) in relation to an enclosed center ROI (see Fig. 2C for traces). This delay is indicative of a fluorescence report that spreads out from a point, and we interpret these events to represent complete vesicle fusion associated with significant mixing of SpH with the plasma membrane. If significant mixing were the case one would expect the fluorescence intensity profile of annulus ROIs to decay back to baseline levels as the SpH diffused progressively further away into the plasma membrane bulk. We quantified this spreading by measuring the decay time for the events from a central ROI and the 4th annulus (Fig. 4 A and B) . From the histograms in Fig. 4 A and B it is apparent the fluorescence signal decays with equal kinetics for both central and annulus ROIs. We also investigated this issue by measuring a ratio of center ROI decay time/4th annulus decay time for each vesicle, which was 0.80 Ϯ 0.12 (n ϭ 37), and not significantly different to 1. The analysis is consistent with the suggestion that slow-spreading events represent exocytosis, with SpH diffusing away from a point source (vesicle) in to surrounding annuli, and subsequently out of these annuli into the plasma membrane bulk (Fig. 2) .
Why do the fast-confined events (Fig. 2B ) not spread markedly in to annuli? It is noteworthy that the fast confined event half-width was shorter than for slow-spreading events (Figs. 2B and 3D ). Might this time course also represent reacidification of the vesicles after endocytosis? In this case, increasing the H ϩ buffering capacity of the extracellular medium is expected to increase the time it takes for the vesicle to be acidified (19) . To test for this increase, we analyzed only those events that did not show any spread of fluorescence into an annulus (see Fig. 2 ). We then compared the decay time of these fast-confined events under four conditions of H ϩ buffering (2.5, 25, 60 and 100 mM Hepes). We found overall there was a near linear dependence of event decay time with the buffering capacity of the extracellular buffer (Fig. 4 C and D) . These data support the hypothesis that fast confined events represent exocytosis followed by endocytosis and protonation of the lumen after the vesicles are recaptured.
Distinct Pharmacologically Evoked Calcium Transients in Astrocytes.
The experiments described above report on spontaneous SpH events. We next sought to evoke exocytosis. We used pharmacological means to elevate astrocyte [Ca 2ϩ ] i levels because hippocampal astrocytes do not express voltage-gated Ca 2ϩ channels (33) . Previous work shows that ADP␤S can elevate [Ca 2ϩ ] i levels in astrocytes (33); we additionally used the PAR-1 receptor agonist thrombin (1-10 units/ml) to induce [Ca 2ϩ ] i transients in astrocytes (33) (34) (35) . ADP␤S and thrombin elevated [Ca 2ϩ ] i in a concentrationdependent manner (SI Fig. 9 A and B) with EC 50 values of 1.3 M (n ϭ 8) and 0.14 units/ml (n ϭ 10), respectively for ADP␤S and thrombin. Both ADP␤S and thrombin elevated [Ca 2ϩ ] i by similar amounts because the peak change in Fluo-4 fluorescence was similar (SI Fig. 9 C and D) . Interestingly, however ADP␤S and thrombin-evoked [Ca 2ϩ ] i transients differed in their kinetics. Thus the ADP␤S evoked transients lasted for Ϸ5 s (mean 5 s with standard deviation at 1 s, n ϭ 36; SI Fig. 9 E and G) , whereas the thrombin evoked events lasted longer (mean 86 s with standard deviation at 22 s; n ϭ 20; SI Fig. 9 F and G) . We also estimated the [Ca 2ϩ ] i changes evoked by ADP␤S and thrombin with ratiometeric fura-2 fluorescence imaging, and estimate that the peak [Ca 2ϩ ] i increases to Ϸ0.3-0.5 M for both ADP␤S and thrombin, i.e., to levels expected to affect transmitter release (11, 12, 30) . In subsequent experiments we used ADP␤S (100 M) and thrombin (1-10 units/ml) to evoke astrocyte [Ca 2ϩ ] i transients in astrocytes.
Distinct Forms of Pharmacologically Evoked Exocytosis.
Application of ADP␤S evoked more SpH events (Fig. 5 A-E and E Inset), providing strong evidence that activation of P2Y 1 receptors on astrocytes leads to exocytosis. Moreover, in cells expressing botu- linum toxin E, ADP␤S failed to evoke any events (n ϭ 6). Interestingly, histograms of the ADP␤S evoked event half widths, center ROI peak ⌬F/F and 4th annulus peak ⌬F/F were unimodal, with means of Ϸ1.5 s, 0.3 and 0, respectively (Fig. 5 C-E and SI Table 1 ). These data, along with the traces in Fig. 5B , indicate that ADP␤S only evokes fast confined events. This result did not depend on the agonist concentration, because only these types of events were observed at EC 100 (10 M; Fig. 5C ) and ϷEC 50 concentrations of ADP␤S (1 M center ROI decay time was 1.5 Ϯ 0.3 s; 5 events from 13 cells). Thus the ADP␤S-evoked events resemble the fast-confined spontaneous events, associated with little mixing of SpH with the plasma membrane (SI Table 1 ). Thrombin also evoked a significant increase in the frequency of events (Fig. 5 F-J and J Inset) , a response that was totally absent in cells expressing botulinum toxin E (n ϭ 9). The half-width (Fig.  5H) , the center ROI peak ⌬F/F (Fig. 5I ) and the 4th annulus peak ⌬F/F (Fig. 5J ) histograms of these thrombin-evoked events were unimodal with means at Ϸ5 s, 0.3 (⌬F/F) and 0.13 (⌬F/F; Fig. 5  H-J) , i.e., distinct from the ADP␤S-evoked events in two key parameters. These data, along with the traces in Fig. 5G showing spreading into an annulus, indicate that thrombin evokes slowspreading spontaneous events, associated with significant mixing of SpH with the plasma membrane. The time delay between fluorescence appearing in the central ROI and then spreading into a surrounding annulus was 2.4 Ϯ 0.3 s (n ϭ 25), and not significantly different from spontaneous slow-spreading events ( Fig. 2; 2 .0 Ϯ 0.2 s). The ability of thrombin to evoke only slow spreading events did not seem to depend on the agonist concentration, because only these types of events were observed at EC 100 (10 units/ml; Fig. 5H ) and ϷEC 30 concentrations (0.1 units/ml; center ROI decay time was 6.5 Ϯ 0.4 s; 6 events from 11 cells). Thus the thrombin-evoked events resembled slow-spreading events. The ADP␤S and thrombin-evoked events were identical in their peak amplitudes (⌬F/F; Table 1 ), indicating that the vesicles underlying both carried approximately equal amounts of synaptopHlourin. Because ADP␤S evoked only fast confined events and thrombin evoked only slow-spreading spH events these data suggest that astrocytes may select for distinct forms of exocytosis depending on how they are activated.
Summary. The main findings of the present study are that (1) SpH TIRF imaging can be used to record exocytosis from astrocytes with single-vesicle resolution, (2) exocytosis seems to be of two forms, and (3) receptor agonists that elevate calcium within astrocytes differ in their capacity to trigger different forms of exocytosis. Our data are based on single-vesicle imaging with TIRF microscopy. This method allows one to image near membrane events with good resolution, but a limitation is that only the membrane surface within Ϸ100 nm of the glass coverslip is sampled (31) . It remains unknown to what extent this experimental arrangement favored the dominance of slow-spreading SpH events over the fast-confined ones (60% versus 40%), but this unknown does not detract from the main finding that two forms of exocytosis were readily observed with TIRF.
Interestingly, the number of exocytotic events measured with SpH in this study was similar to the number of NMDA receptor mediated slow inward currents recorded from pyramidal neurons and thalamic neurons (5, 14, 36) , which are all thought to result from astrocyte exocytosis. Additionally, the quanta like singlevesicle events are consistent with the brief pulsatile events associated with astrocyte transmitter release onto neurons (5, 14, 36) . However, the measures of exocytosis reported in this study are smaller than the number of exocytotic events measured with acridine orange to mark vesicles in astrocytes (13) . It is likely that these differences arise because acridine orange labels multiple acid compartments in the astrocytes, only some of which are transmittercontaining vesicles (37) . Previously membrane capacitance measurements (30), acridine orange imaging (13) and amperometry (21) have been used to study astrocyte exocytosis. Our experiments extend those studies and indicate that SpH imaging with TIRF microscopy is useful to study astrocyte exocytosis, with the unexpected finding that two forms of exocytosis can be imaged simultaneously from the same astrocytes.
The present imaging data indicate that astrocytes release transmitter through two forms of single-vesicle exocytosis. The fastconfined SpH events are similar to kiss and run exocytosis, whereas the slow-spreading events likely represent full vesicle fusion. Recent amperometry experiments have provided evidence for kiss and run exocytosis from astrocytes (21) . Do the distinct events described in the present study correspond to two different pools of vesicles or different modes of release of a common vesicle? Presumably the vesicles could differ based on morphological and/or functional criteria. If the vesicles are indeed from different pools, then they do not seem to differ substantially in SpH content, and therefore we presume size. Also their behaviors on switching between TIR and oblique illumination suggest that the vesicles are Յ100 nm, but our experiments fall short of accurately measuring the vesicle dimensions. A definitive answer to this issue must await advances in light microscopy that allow imaging below the diffraction limit in live cells. Recent electron microscopy studies have indeed shown Ϸ30 nm glutamatergic vesicles in astrocytes (13) , which is consistent with our suggestion that SpH predominantly labels glutamatergic vesicles Յ100 nm in size.
How do our experiments on astrocytes compare with recent work on hippocampal neurons? In making these comparisons it is important to consider that an absolute correspondence may be surprising, because astrocytes are quite distinct from neurons (see ref. 38 for a review of exocytosis). Overall we found that most single-vesicle events (Ϸ60%) are consistent with full vesicle fusion, diffusion of SpH away from the release site, and complete mixing of SpH with the plasma membrane. Additionally, we found that 40% of events were not consistent with full fusion. In these cases the SpH did not diffuse, and at least in terms of SpH, the vesicle maintained its identity (19, 38) . For these fast confined events the fluorescence signal returned to baseline levels over Ϸ1.5 s: endocytosis occurs quickly at the site of fusion, i.e., akin to kiss-and-run, and is followed by vesicle reacidification. In the case of hippocampal neurons kiss-and-run exocytosis has been observed by some (19, 39) , but not by others (40) and factors that may constrain its prevalence have been considered (41, 42) . Nonetheless, our experiments show that kinetically distinct forms of exocytosis can be readily detected in hippocampal astrocytes with single-vesicle imaging methods. Capacitance measurements that have single-vesicle resolution also provide support for kiss-and-run exocytosis from neurons (43, 44) .
For the fast-confined events we measured a vesicle re acidification time course of Ϸ1.5 s, which is faster than that measured for hippocampal neurons at Ϸ4-5 s (40, 42) . Interestingly, recent experiments show that an average brain synaptic vesicle contains Ϸ1.4 V-ATPase molecules (45) , implying that variability between vesicles could give rise to distinct acidification rates for neurons and astrocytes. The number of V-ATPase molecules in the vesicles we have imaged is unknown. Moreover, vesicle reacidification may also depend on V-ATPase reassembly kinetics and the single molecule H ϩ transport rate, both of which are unknown. Taken together, these unknowns vitiate any precise interpretations about reacidification rates per se, or the similarities/differences between neurons and astrocytes.
Both the evoked and spontaneous single-vesicle events reported in this study were abolished by botulinum toxin E. This result suggests an important role of SNAP-25 in the release process (46) , and extends previous work on astrocytes (23) . In comparison spontaneous miniature synaptic currents persisted, whereas evoked synaptic current were abolished, in hippocampal neurons from mice with genetic deletion of SNAP-25 (47) . From this perspective, both evoked and spontaneous astrocyte exocy-tosis may be SNAP-25 dependent, whereas evoked and spontaneous exocytosis from hippocampal neurons may differ in its dependence on SNAP-25 (47) . The preceding three paragraphs present several similarities and differences between hippocampal neurons and astrocytes, and thus opportunities to fully understand the mechanisms of astrocyte exocytosis.
Astrocyte [Ca 2ϩ ] i transients previously recorded in vivo differed in time course (6) . Fortuitously we found that ADP␤S and thrombin application evoked [Ca 2ϩ ] i transients that also differed in time course. Based on SpH intensity as a measure of exocytosis (18) (19) (20) our data suggest that ADP␤S and thrombin result in distinct modes of exocytosis. By analogy to studies with neurons ADP␤S evoked exocytosis followed by endocytosis (fast confined events). Whereas thrombin evoked release consistent with full vesicle fusion (slow spreading events), and presumably compensatory endocytosis at other sites within the astrocyte. The simplest explanation for these data are that the distinct ADP␤S and thrombin evoked [Ca 2ϩ ] i transients within astrocytes result in different forms of exocytosis. However, other possibilities may also exist. For example ADP␤S and thrombin may trigger [Ca 2ϩ ] i transients and signaling events in distinct plasma membrane locales. We found no evidence for differing [Ca 2ϩ ] i transient locales in the present work, but the possible existence of signaling locales and their impact on exocytosis will be the subject of future in depth studies. Astrocytes are known to express many distinct types of neurotransmitter receptors, many of which mobilize intracellular calcium levels. Our data thus imply that distinct receptor pathways may differ in their ability to select between modes of exocytosis, as exemplified by our findings with ADP␤S and thrombin. From this perspective in future work it will be interesting to determine whether spontaneous [Ca 2ϩ ] i transients also result in distinct modes of exocytosis, with separable neuronal consequences.
Materials and Methods
Ca 2؉ Imaging. Mixed hippocampal neuron-astrocyte cultures were made and maintained as described (40, 48) . Physiological saline comprised the following: 125 mM NaCl/5 mM KCl/1 mM MgCl 2 /10 mM D-glucose/2 mM CaCl 2 /25 mM Hepes. Cells were imaged and loaded with 5 M Fluo-3/AM or fura-2/AM (Molecular Probes, Invitrogen, Paisley, U.K.) as described (33) (49) . Calibration of the Ca 2ϩ signal was achieved by permeabilizing the cells, determining the 340/380 ratio minimum (R min ) and maximum (R max ), and calibrating by using algorithms (50) Exocytosis Imaging. Mixed hippocampal neuron-astrocyte cultures were transfected with 1-2 g of synaptopHluorin (18, 19) cDNA by using Effectene (Qiagen). Twenty-four hours later, the cells were washed with buffer and imaged with evanescent wave microscopy as described (31, 49) . The camera gain (Princeton Instruments cooled I-PentaMAX camera; Roper Scientific, Trenton, NJ) was adjusted for each astrocyte to provide the best signal to noise images, and so comparisons between astrocytes can only be reported as ⌬F/F.
Chemicals. All chemicals used were from Tocris (Bristol, U.K.), Sigma (Poole, U.K.), Invitrogen (Paisley, U.K.), or Molecular Probes Invitrogen. The names of the chemicals are abbreviated as adenosine 5Ј-␤-thio diphosphate (ADP␤S).
Analysis. Data were analyzed by using Origin 6.1 (Origin Lab Corp), and Graphpad Instat 3.06 for Windows (San Diego, CA). Images were analyzed by using Image J, Metamorph, and CorelDraw12. Data in the text and graphs are shown as mean Ϯ SEM from n determinations as indicated.
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